Laboratory strains of Escherichia coli containing plasmid pBR325 (or pBR322) were coincubated with a mobilizer strain of E. coli (containing the conjugative plasmid R100-1) and a recipient strain of bacteria. Bacterial strains isolated from raw wastewater or a plasmid-free E. coli laboratory strain served as recipients. Transfer of the pBR plasmid into the recipient strain occurred during a 25-h coincubation in either L broth or sterilized wastewater; transfer frequencies were several orders of magnitude lower in wastewater. After the coincubation, recipients exhibited both plasmid-encoded phenotypic characteristics and an altered plasmid profile, as shown by agarose gel electrophoresis of purified plasmid DNA.
The proliferation of recombinant DNA-containing microorganisms in the natural environment depends in part on the stability of the engineered genetic material. The safety determinations for organisms which will be deliberately introduced into the environment or for laboratory organisms designed to prevent accidental introduction depend on the assumption that the original host cells cannot multiply outside the laboratory or industrial setting (1) . The potential for ecological damage is enhanced if, under conditions existing outside the laboratory, the recombinant DNA can be mobilized into organisms capable of growth in the natural environment. The potential for recombinant DNA-plasmid transfer by cointegrate formation with a conjugative plasmid has been demonstrated both between Escherichia coli strains (2, 4) and between E. coli and other species (10, 11, 14, 15) .
A likely site for potential DNA mobilization is the water treatment system. Sagik et al. (8) demonstrated the general increase in the number of wastewater bacteria resistant to tetracycline (TC), chloramphenicol (CM), and carbenicillin when the indigenous bacteria were coincubated with both a pBR325-containing E. coli strain and an E. coli mobilizer strain (X1784) containing the R100-1 conjugative plasmid.
We confirm that the transfer of pBR325 or pBR322 plasmid material does occur from laboratory E. coli strains into characterized wastewater bacterial isolates and that this transfer will occur either in laboratory medium or in sterilized wastewater.
MATERIALS AND METHODS
Organisms and growth conditions. Bacterial strains used in this study are shown in Table 1 . Cultures were grown at 37°C in L broth (10 g of tryptose [ Difco Laboratories], 5 g of yeast extract [Difco] , 10 g of NaCl, 0.25 mM CaCl2, 0.1 g of D-glucose, 50 ,ug of thymine, water to 1 liter) containing the appropriate supplements. Wastewater strains of the family Enterobacteriaceae were isolated on nutrient agar plates from raw wastewater (influx) obtained from the Philadelphia Southwest Water Pollution Control Plant. Individual colonies were purified on MacConkey agar plates and characterized by the Minitek Enterobacteriacae II identification kit (BBL Microbiology Systems).
Cells to be used in coincubation experiments were first grown for 18 h in L broth with appropriate supplementation for nutritive purposes and to maintain plasmid content. Diaminopimelic acid (DAP) and ampicillin (AP) were used at 100 ,ug/ml, nalidixic acid (NAL) was used at 50 jig/ml, and CM, streptomycin (SM), and TC were used at 25 jig/ml. All antibiotics were prepared and stored by standard protocols (7) . Before use the cultures were diluted 1:200 into fresh medium and grown to an A540 of 0.1 (a titer of approximately 108 cells per ml). The coincubations in L broth were performed by mixing 2.5 ml each of donor and recipient (or donor, mobilizer, and recipient) and incubating the mixture for 25 h at 37°C without shaking. Controls were plated on selective media at the time coincubation was initiated to ensure that bacteria of the proper phenotype were being used. After the 25-h incubation, the bacterial mixture was spread on the appropriate L-broth-based selective medium to obtain transcipients. Coincubations of cells in wastewater were performed with either a 300-or a 600-pul final volume or by placing the cells on a Millipore filter (GSTF 0470), which was placed on top of a wastewater-saturated filter pad, for the 25-h incubation period. Wastewater was sterilized by autoclaving; no viable organisms were recovered when the sterilized wastewater was streaked on L broth agar plates.
Plasmid DNA purification. Plasmid DNA was isolated by the method of Portnoy and White as cited by Crosa and Falkow (3) . This method allows for the denaturation of DNA by incubation at pH 12.4. Covalently closed circular plasmid DNA is able to renature after this treatment, but large, linear DNA molecules, e.g., chromosomal and plasmid DNA fragments, are unable to renature. Before extraction, cells were grown in appropriately supplemented L broth and collected by centrifugation in 1.5-ml Eppendorf microcentrifuge tubes (12,000 x g for 10 min at 4°C). The pellet was suspended in 1.0 ml of TE (50 mM Tris-hydrochloride, 10 mM EDTA [pH 8.0]), recentrifuged, and resuspended in 40 ,ul of TE. A wastewater. However, coincubation of E. coli X1784 (containing the R100-1 plasmid) with recipient strain X1997 or E.
cloacae 191 did result in the acquisition of R-plasmid characteristics by the recipients, confirming that they were capable of acquiring plasmids and expressing plasmid-encoded genes (Table 2 ). E. coli KA1661(pBR325), although unable to act as a plasmid donor, was able to act as a recipient when coincubated with strain X1784. The transfer of R100-1 into either E. coli KA1661 or the E. cloacae strain proceeded at a frequency approximately 4 orders of magnitude lower than that observed for transfer into E. coli x1997. This decreased transfer frequency may be due to the presence of plasmids in E. coli KA1661 and the E. cloacae strain.
Although transfer of pBR plasmid characteristics did not occur in diparental coincubations, it did occur when the incubation mixture included the conjugative plasmid-containing strain X1784. The presence of the mobilizer strain potentiated transfer of plasmid-encoded characteristics into either the plasmid-free E. coli strain or the indigenous wastewater bacterial cells (see Tables 3 through 5 ). The observation that transfer of nonconjugative plasmids only occurred when the cells were incubated with a conjugative plasmid-containing bacterium suggests that gene transfer under our experimental conditions has taken place by conjugation and not by some other transfer process. The results of coincubations with three laboratory cell types (a donor of pBR325 [or pBR322], the R100-1-containing mobilizer cell, and the X1997 recipient cell) coincubated in L broth are shown in Table 3 .
The actual transfer of pBR325 (or pBR322) into strain X1997 during these incubations was evident because strain X1997 acquired the AP antibiotic resistance characteristic of the pBR plasmid of the donor cell [whether the donor was E. coli X2656(pBR322), KA1661(pBR325), or PRC 450(pBR325)]
and resistance characteristics of the R100-1 plasmid from E. coli X1784, while maintaining the chromosomal Nalr Dap+ characteristics of strain X1997 (strains x2656 and KA1661 were Dap-; strains PRC 450 and X1997 were Nals).
In addition to plasmid transfer into the laboratory strain x1997, we investigated the potential for pBR transfer into the indigenous wastewater bacterial isolates. In addition to the E. cloacae (termed strain 191) used above, we isolated an E. coli (termed strain 343). Strain 191 contained endogenous cryptic plasmids (see below), whereas no plasmids were detected in strain 343. Transfer of pBR325 into each of these bacterial strains was detected after triparental coincubations with strains containing pBR325 and strain X1784. When the coincubation was performed in L broth (Table 4) , between 101 and 104 transconjugants per ml were recovered, indicating that the natural isolates were as capable as the laboratory E. coli strain of receiving plasmid pI3R325 (compare with Table 3 ).
Although it was clear that transfer of pBR plasmids could occur in a rich medium (L broth), it was not certain that similar transfer would occur in sterile wastewater, which was incapable of supporting the growth of either the pBR plasmid donor or the X1784 mobilizer strain. However, when Acquisition of phenotypic characteristics of the pBR plasmid by the recipient cell was circumstantial evidence of actual plasmid transfer; isolation of plasmid DNA from donor, mobilizer, and recipient cells confirmed that transfer had taken place. In Fig. 1 , track G, the single R100-1 plasmid of strain X1784 was observed, exhibiting an Mr of 54 x 106.
The pBR325-containing strain PRC 450 in track E shows multiple bands, representing oligomers of pBR325, possibly the result of the quantity of TC included in the medium (13); purification of the plasmid by CsCl gradient centrifugation followed by restriction enzyme digestion with EcoRI indicated only a single band (results not shown). The wastewater (Fig. 2) . Several different plasmid patterns were observed in the transconjugants, some showing acquisition of material comigrating with pBR325 (tracks D, G, and H), some showing material comigrating with R100-1 (tracks C and E), and some showing complex rearrangements of the plasmid material (track F).
The plasnmid transfer into the recipient cells requires initial transfer of R100-1 from the mobilizer X1784 into the pBR plasmid donor cell. Cells of the phenotype consistent with this plasmid transfer began to appear in the incubation mixture within the first hour of incubation, and the number of transconjugants continued to increase for at least 3 forms of the modified pBR325 (Fig. 4A) . No hybridization was observed against R100-1 isolated from X1784.
The transfer of pBR325 sequences during triparental incubation was confirmed by isolation of a high-molecular- 8 hybridized to fragments of apparent molecular weight 12.0 x *. 12 x 106, 9 .0 x 106, 6.5 x 106, and 3.4 x 106 (Fig. 4B) . Similar fragments of plasmid R100-1 isolated from X1784 had molecular weights of 11 standard 25-h incubation was used to permit a high probability of observing transconjugants.) Coincubation of strains KA1661 and X1784 in L broth resulted in the acquisition of high-molecular-weight DNA material by the KA1661 cell (Fig. 3) . Tracks B and C indicate that this plasmid was present in the recipient at a molecular weight of approximately 60 x 106. In addition, other plasmid bands were observed, migrating with a molecular weight approximately 3 49, 1985 DISCUSSION The ability to transfer nonconjugative plasmids, e.g., pBR325, between cells by using the mechanism of cointegrate formation with conjugative R-plasmids is a useful laboratory tool, allowing transfer of desired plasmid-encoded traits between microorganisms. This capability, however, may also allow plasmid transfer to occur in the natural environment if the laboratory microorganism is released from the laboratory or industrial setting. It has previously been shown that resistance plasmids are capable of performing both intra-and interspecies conjugation in the wastewater environment (6) . In our study, the antibiotic resistance traits of pBR plasmids were readily transferred either into isolates from raw wastewater or into plasmid-free laboratory E. coli strains during a simple coincubation. The only major requirement for these transfers was that incubations had to include a mobilizer E. coli strain containing an R-plasmid. This transfer occurred in sterilized wastewater or in L broth, although transfer frequencies were generally lower in the wastewater. This transfer occurred despite the fact that neither the donor cells nor the mobilizer cell was capable of growth in the wastewater (8) slightly larger than pBR325 (appears larger in all forms observed on this gel) and a plasmid which is slightly larger than R100-1-the chromosomal characteristics are those of the KA1661 cell, indicating that the plasmid transfer was from E. coli X1784 to E. coli KA1661; C, another isolate from the same coincubation as B; the plasmid which comigrates with R100-1 is more evident in this isolate, whereas the band which comigrates with the covalently closed circular form of pBR325 is less evident. See legend to Fig. 1 for explanation of numbers and CHR.
genetic constitution of the cell. In the coincubation of strains KA1661 and X1784 (Fig. 3) , the high-molecular-weight plasmid acquired by the transconjugant had a molecular weight approximately 5 x 106 larger than that of R100-1, and the small plasmids had acquired DNA with a molecular weight of 3 x 105. The simplest explanation for the acquisition of this new plasmid profile was that R100-1 and pBR325 had interacted to form a cointegrate. Formation of this cointegrate required that an insertion sequence be transferred from the R100-1 to the pBR plasmid, increasing its size. This insertion sequence would then allow a transposonlike integration to take place to incorporate large segments from the pBR plasmid into the R100-1 plasmid, yielding a cointegrate conjugative plasmid. Mechanisms by which this recombination could occur in both recA+ and recA-cells have been suggested by Kilbane and Malamy (5) . Although all of the transconjugants from triparental coincubations were resistant to AP, they exhibited several different plasmid profiles. Because some of the final transconjugants contained only a single large plasmid, we surmise that a minimum of the Apr must have been integrated into many of the R100-1 cointegrates. These cointegrates were, of course, capable of acting as conjugative plasmids. The rearranged plasmid content of the transconjugants, which included alterations in plasmids which existed in the original isolates before coincubation, suggests that recombination, probably transposon mediated, occurred to obtain a final stable plasmid population. With their stable set of plasmids, the recipient cells were capable of expressing genes necessary to survive in the presence of antibiotics in the selective medium. The probability of the establishment of such transconjugants in the natural environment would depend both on the occurrence of conjugative plasmids and on the selective pressures in the ecosystem. The increase in antibiotic-resistant wastewater bacteria observed by Sagik (8) , even without the addition of mobilizer bacteria to the coincubation mixture, argues for the natural presence of these organisms in the same locale as potential recipient cells. The analysis of these putative mobilizers and the selective pressures within the waste treatment disposal system which could select for transconjugants should enable a more complete prediction of the probability for transfer of recombinant DNA plasmids.
